The reliability of elevated temperature components depends upon understanding the creep behavior of welds, which often determine the components' lives. The most likely manner of failures at high temperatures for the serviced welds fabricated from low alloy ferritic steels should be Type IV cracking. In the present work using 1.25Cr-0.5Mo and 2.25Cr-1Mo steel welds, however, the location and the morphology of the ultimate failures were influenced by a couple of factors, namely, the magnitude of stress, temperature, time to rupture, specimen geometry and inherent creep properties owned by each alloy. Thus, the consistent relationship between the feature of creep damage and the life consumption to be utilized for the remnant life assessment of welds has not been derived.
Introduction
In recent years, most industries try to increase the reliability of their plants by performing more accurate life prediction for the safe operation and reduction in unscheduled shutdowns. At the same time, they are forced to minimize the maintenance cost and maximize the productivity by lengthening the interval of turnarounds and shortening the downtime in order to enhance the competitiveness of their plants. In the case of a refining industry, typical run length of most units is being extended to four years. For the units operated at high temperatures, in which creep dominates components' lives, more quantitative and less time consuming methodologies have been required to satisfy the contradictory demands described above. Unlike components for low or medium temperatures, On-Stream Inspection (OSI) is not necessarily effective due to the difficulty of access during the operation. Thus, condition assessment is normally conducted within turnarounds and the following decision on the future action, whether the components inspected should be left, repaired or scrapped, must be made promptly. In general, it is not practical to assess the remaining operability by destructive tests due to the limitation of time and associated difficulties such as a hydrostatic test obliged by the relevant regulation when "weld repair" is applied.
Since the creep damage of low alloy ferritic welds is usually associated with grain boundary cavities, the methodologies to correlate the extent of cavitation with the life remained have been developed. In the present work, however, it has been found that the feature of grain boundary damage is dependent upon the testing conditions and materials. The accelerated creep test in terms of stress and temperature resulted in fewer grain boundary cavities. And 2.25Cr-1Mo steel welds showed lower susceptibility to cavitation compared with 1.25Cr-0.5Mo welds. Auerkari et al. 1) pointed out that uniaxial creep tests with the duration of less than 10 000 h would not be sufficient to generate the similar level of grain boundary damage observed in the actual welds fabricated from ductile materials. Therefore, experimental results on the relationship between grain boundary damage and life consumption derived from short-term creep tests could be misleading.
As the alternatives, the authors have examined the life assessment techniques for this vulnerable area based on the cross-weld behavior at the tertiary creep stage.
Experiments

Materials
The cross-weld creep behavior has been examined using the service-exposed 1.25Cr-0.5Mo steel and new 2.25Cr-1Mo steel. The welds fabricated from 1.25Cr-0.5Mo steel, which had been used in a refining plant for 28 years approximately at 500°C, is composed of a straight pipe and elbow. The inspection using optical microscopy did not find any service induced grain boundary damage in the weldment.
As for new 2.25Cr-1Mo steel, the weldment consists of the combination of a commercial plate and specially prepared one doped with tramp elements of P, Sn, As and Sb. Normalizing and tempering heat treatment was given to both alloys at fabrication. Welding was performed with matching electrodes for both materials. Hardness and chemical compositions of parent materials and weld metals are shown in Table 1 .
Specimen Preparation and Testing
For both alloys, weld metal was deposited in a single V groove using a Shield Metal Arc Weld (SMAW) technique. According to the specification at fabrication, Post Weld Heat Treatment (PWHT) for 1.25Cr-0.5Mo steel was performed at 700°C for 2 h. That for 2.25Cr-1Mo steel was 690°C for 8 h.
Two types of cross-weld specimens were prepared. One was a cylindrical specimen with 10 mm of diameter and 50 mm gauge length. The other was a square specimen with 12ϫ12 mm cross-section and 90 mm gauge length. The area ratio of weld metal in gauge length for a cylindrical specimen was approximately 0.28 for 1.25Cr-0.5Mo steel and 0.36 for 2.25Cr-1Mo steel respectively. That for a square 2.25Cr-1Mo steel specimen is about 0.19. 1.25Cr-0.5Mo steel weldment was tested by cylindrical specimens and 2.25Cr-1Mo weldment was examined by both types. Creep tests were done in air with constant load machines. Grain boundary damage was observed after sectioning by optical microscopy and Scanning Electron Microscopy (SEM).
Results
Time to Rupture and Failure Mode of Weldment
Creep properties of cross-weld specimens for 1.25Cr-0.5Mo and 2.25Cr-1Mo steel are tabulated in Tables 2 through 4 . In these tables, parameters for the omega method 2) are also shown. In the omega method, creep behavior is described by the following equation. (1) where e is the creep strain, W is the slope of strain-natural logarithm of strain rate plotting and ė 0 is the initial strain rate that is the intersection of y-axis in the above plot.
And rupture life, t r , is given by Eq. (2). the comparison, rupture data for parent materials and weld metal in the previous works 3, 4) are also plotted in these figures. Mean creep strength and lower boundary were derived from the data sheet produced by NIMS, which was NRIM 21B 5) for normalized and tempered 1.25Cr-0.5Mo steel and NRIM 11B 6) for normalized and tempered 2.25Cr-1Mo steel respectively. Curves for lower boundary strength were obtained by correlating Time-Temperature Parameters at failures with 80 % of testing stresses.
As shown in Fig. 1 , all the rupture data of 1.25Cr-0.5Mo steel lie above the lower boundary at stresses below 80 MPa. At 80 MPa, failures of welds took place at the parent material on the elbow side in a ductile transgranular manner. Other failure modes, mainly Type IV cracking, also occurred at the HAZ generated on the elbow side, in which base metal was weaker than that on the pipe side. The ultimate failure by Type III cracking at the Coarse Grained HAZ (CGZ) on the elbow was found at only one testing condition, 600°C and 60 MPa. In the case of 2.25Cr-1Mo steel, all the cross-weld specimens failed by Type I or Type IV cracking. Type IV cracking took place only at the ICZ generated in a doped plate. Although time to Type IV rupture is longer than the equivalent rupture time of the lower boundary for parent materials, significant decrease in rupture life is observed when Type I failure takes place as shown in Fig. 2 . The final fracture pass of Type I cracking in the present work has been composed of ductile transgranular cracking. Since the transition of failure mode from Type IV to Type I by reducing testing stress is observable, the possibility of Type I failure at the actual welds usually operated at low stresses cannot be excluded.
As for the Type IV cracking, which is the most likely terminal failure mode for ferritic and tempered martensitic welds, the occurrences of this phenomenon have been observable in both alloys despite relatively short testing duration. Brear et al. 7) presented the weld failure location diagrams for a couple of alloys, including modified 9Cr-1Mo steel. According to the diagram for 2.25Cr-1Mo steel, the onset time to Type IV failure is given by the following equation and the ultimate failure mode always becomes Type IV when P is larger than Ϫ6.18. (3) where t r is the rupture life, Q/4 is the activation energy, R is the universal gas constant and T is the absolute temperature in Kelvin.
Pϭln(t
In this equation, the value of the apparent activation energy for Type IV failure is given as one quarter of activation energy of Q for base metal, which is 441 kJ/mol/K. Crossweld rupture data for 2.25Cr-1Mo steel in the present work are plotted in Fig. 3 together with the experimental results in relevant literatures 8, 9) and the operational data of the seam welds that were replaced because of the failure or service-induced creep damage 8) . The predicted onset time to Type IV failure in Fig. 3 is given by Eq. (3). After welding, all the experimental welds were received PWHT and PWHT or Normalizing and Tempering heat treatment was given to the seam welds.
Though short-term creep tests often fail in generating Type IV cracking, time to Type IV failure in the experiment by Henry et al. 8) is significantly shorter than the prediction by Eq. (3) as with the present work. It can be considered that a failure mode is not a unique function of rupture time. In other words, the susceptibility to Type IV or Type I cracking is specific to the heat or welding technique. The preferential occurrence of Type IV cracking on the high residual side in the present work should be attributed to the grain boundary embrittlement due to enrichment of tramp elements. Yamauchi et al. 10, 11) found the similar tendency, namely, that the Fine Grained HAZ (FGZ) with a higher amount of impurities such as P, S, Sn, As and Sb showed lower ductility and a higher creep rate compared with cleaner FGZ.
In the case of the seam welds failed or damaged during the service, the concentrated creep damage at the weld metal adjacent to the fusion boundary owed much to the welding technique. They were fabricated using a Submerged Arc Welding (SAW) technique with acidic flux and this welding technique generated the significant segregation of non-metallic inclusions, which were preferential cavity nucleus sites 8) . However, the ultimate failures at the weld metal produced by both SMAW and SAW techniques were observed in the experimental work by Leyda et al., 9) in which time to Type I rupture exceeded the onset time to Type IV failure given by Eq. (3). The failure at the HAZ didn't take place even though the longest testing duration exceeded 15 000 h. Their testing results also implicitly suggest that Type I cracking could become the terminal failure mode for 2.25Cr-1Mo steel, independently of welding techniques. Fujibayashi et al. 4) attributed lower creep resistance owned by weld metal of 2.25Cr-1Mo steel to its fully bainitic microstructure. The reason for low creep resistance of fully bainitic microstructure can be explained by the stability of carbides in the weld metal. During the creep exposure, rapid depletion of M 2 C and resultant generation of coarse carbides, namely M 6 C and M 23 C 6 , was observed. On the other hand, M 2 C, which is a major contributor to creep strength for low alloy ferritic steels, survived longer in the parent material. Their presumption on the lower creep resistance of 2.25Cr-1Mo weld metal is supported by the experimental work by Cane et al. 10) They found that creep strength of 2.25Cr-1Mo steel varied as a function of a bainite content and it steeply peaked when a bainite content was approximately 60 %. It is considered that the inherent low creep strength of 2.25Cr-1Mo weld metal should be the subject of further research.
The feature of Type IV failure is dependent upon testing conditions and materials as well. In the case of 1.25Cr-0.5Mo welds, the number of cavities adjacent to the final crack path observed by optical microscopy was rather few when rupture life was shorter than 1 000 h. By reducing testing stress or temperature, cavitation at the outer-edge of HAZ tended to become more profuse. In Fig. 4 , the grain boundary damage for 1.25Cr-0.5Mo steel welds tested for 1 031 h is shown. Around the final crack path, the evolution of grain boundary damage in terms of increase in cavity density and volumetric growth of each cavity is observable. In contrast, the final crack path of 2.25Cr-1Mo steel was significantly less cavitated even though time to rupture exceeded 1 000 h as shown in Fig. 5 .
Difference in the susceptibility to cavitation between 1.25Cr-0.5Mo steel and 2.25Cr-1Mo steel in the actual power generating plants was noted by Clark et al. 11) They inspected the welment of high temperature (538°C) steam piping fabricated from 1.25Cr-0.5Mo steel (P11) and 2.25Cr-1Mo steel (P22) using a replication technique. The number of Type IV damage detected in P11welds was 41out of 329 inspected in the unit, in which operating hours of components ranged from 80 000 to 145 000 h. Lower percentage of Type IV damage was detected in P22 welds. Among the components operated for 80 000 to 93 000 h, no weldment out of 35 suffered Type IV damage. Though Type IV damage was detected in another unit, 2 welds fabricated from P22 in 21 inspected, operating duration of components in that plant was longer than the former one, ranging from 128 000 to 135 000 h. Lower extent of grain boundary damage in P22 welds could be ascribed to lower susceptibility to grain boundary cavitation. It is noteworthy that much higher percentages of Type IV damage, higher than 50 %, were found in the piping fabricated from Cr-Mo-V steel for the turbine units with the identical operating hours to those for steam piping. The same conclusion on the inherent difference in sensitivity to cavitation among the alloys can be obtained by comparing the experimental work for 2.25Cr-1Mo steel by Bissel et al. 12) with that for 0.5Cr-0.5Mo-0.25V steel by Walker et al. 13) Bissel and coworkers examined Type IV damage evolution for 2.25Cr-1Mo steel weldment and derived the following equation to correlate the cavity density with the life fraction consumed. where t r is the time to Type IV failure, N is the cavity density when operating time is t, N r is the cavity density at failure and L is the tertiary ductility ratio, which is the elongation to Monkman Grant Constant. In their work, L of 10 was employed to describe the relationship between extent of grain boundary damage and life consumption. Dormant increase in cavity density early in life is predicted by Eq. (4) when L is assumed to be 10, N/N r at t/t r ϭ0.5 becomes only 0.07. In the case of 0.5Cr-0.5Mo-0.25V steel, steeper rise in N/N r was observed in the work by Walker et al. It was found that relationship between N/N r and t/t r depended on testing stress and N/N r became approximately 0.6 at t/t r ϭ0.5 when tested at 45-48 MPa. And significant reduction in N r was observed when testing stress was raised to 80 MPa and higher.
Prediction of Cross-weld Rupture Life Based on the Tertiary Creep Behavior
For the condition assessment, observation of the localized creep damage at the most crucial region has been broadly employed using a replication technique. However, it should be born in mind that the maximum damage is not necessarily present at the external or internal surface. Higher Type IV damage inside the wall thickness can be generated especially when the cusp region, which was formed by welding from both inside and outside, exists in the middle of the wall. 14) Considering the difference in susceptibility to grain boundary damage among the alloys and heat to heat variation, abundant field experiences and a significant amount of long hour tests would be required to derive the quantitative relationship between the extent of grain boundary damage and remnant life as discussed above. Furthermore, if the evolution of grain boundary damage appeared very late in life like the weldment examined by Bissel et al., abrupt failure without alarming could be the case.
It is considered that measuring the localized strain at the critical area is another potential technique for the life prediction. In order to apply this technique, however, a couple of difficulties are expected. Since the size of the most concerned area such as ICZ is rather small and resultant value of displacement will be also quite small, monitoring strain of such a narrow band in the aggressive oxidizing environment should be very challenging. Thus, the life assessment by means of cross-weld creep strain analyses has been examined as the first step in the present work. In fact, measuring creep strain across the welds has been successfully performed using externally attached projections termed "creep © 2004 ISIJ Fig. 4 . Grain boundary damage observed adjacent to the final crack path of a 1.25Cr-0.5Mo steel cylindrical crossweld specimen (tested at 630°C and 50 MPa, t r ϭ1 031 h).
Fig. 5.
Grain boundary damage observed adjacent to the final crack path of a 2.25Cr-1Mo steel square cross-weld specimen (tested at 590°C and 80 MPa, t r ϭ1 578 h).
pips" with the accuracy of Ϯ0.0025 mm.
15)
Creep curves of cross-weld specimens broken by Type IV and Type I cracking are shown in Fig. 6 . Both data were obtained by experiments at the same stress and temperature and no remarkable difference between the two can be found. However, a cylindrical specimen with 10 mm diameter failed by Type IV cracking and the location of the ultimate failure for a 12ϫ12 mm square specimen was the center of weld metal. The difference in the failure mode should be attributable to the specimen geometry. Since the crosssection of a square specimen is twice larger than that of a cylindrical one, ICZ at the square specimen must be subjected to higher constraint. Creep strain at the narrow weak zone like the ICZ is constrained by the adjacent stronger region and this constraint effect should result in the extended rupture life of weaker zone. It is considered that the occurrence of Type IV failure in a square specimen was preceded by the failure at the weld metal, which was less constrained compared with much narrower ICZ. Prager 18) found that rupture life of cross-weld specimens fabricated from 2.25Cr-1Mo and 2.25Cr-1Mo-0.25V steel consistently increased with the specimen size by the experiments at relatively low temperature, in which oxidation effect was negligible. In that case, failures took place in a Type IV or Type I manner. Cracking location at the weld metal was the localized refined zone produced by multi-run welding, in which the analogous microstructure to ICZ was expected.
Like creep curves of homogeneous microstructural specimens, those in Fig. 6 are rather smooth and composed of the primary and tertiary regime. The relationship between strain and natural logarithmic strain rate of those creep curves is shown in Fig. 7 . The linearity of e-ln ė correlation observed in Fig. 7 suggests the applicability of the omega method to the analysis of the cross-weld creep behavior. As a matter of fact, it was found that the predicted rupture life given by Eq. (2) using ė 0 and W obtained from each creep curve lie in the envelope of a factor of two scatter band independently of materials, failure modes and specimen geometry. For the interpolation, W and ė 0 were correlated with stress and temperature by the following equations. (6) where A, ns, AЈ and n are cast specific constants that are independent of stress and temperature, Q and QЈ are activation energy, R is the universal gas constant and T is the absolute temperature in Kelvin. Predicted life derived by W and e˙0, which are correlated with stress and temperature by above equations, is compared with the experimental results in Fig. 8 . These stress-temperature compensated parameters are also able to predict the rupture life with the accuracy of a factor of two.
WϭAs
It is noteworthy that cross-weld rupture life was uniquely correlated with a single parameter. In the previous work by Fujibayashi et al., 17) in which specimens with homogeneous microstructure (parent materials and weld metal) were examined, good correlation between the Slope of Strain Rate Versus Strain (SSRVS) at the tertiary creep stage with rupture life was observed. Fujibayashi 18) found that this relationship was also appreciated in the creep behavior of the microstructure with high susceptibility to grain boundary cavitation in experiments using the simulated ICZ specimens, in which whole gauge length was composed of microstructure existing at ICZ. In Fig. 9 , the relationship between SSRVS and t r obtained from the specimens with ho- Fig. 6 . Creep curves of a 2.25Cr-1Mo steel cylindrical and square cross-weld specimen (tested at 625°C and 80 MPa). Fig. 7 . e-ln e˙correlation for a 2.25Cr-1Mo steel cylindrical and square cross-weld specimen (tested at 625°C and 80 MPa). mogeneous microstructure in gauge length is shown. All the values of SSRVS were derived by plotting of strainstrain rate correlation from t/t r ϭ0.6 to 0.8. Beyond the life fraction of 0.8, the above relationship shows the steep rise, presumably due to localized necking rather than grain boundary damage as discussed below. Time to rupture t r for different heats composed of 1.25Cr-0.5Mo and 2.25Cr-1Mo steel, twelve in total, is well correlated with SSRVS and described by the Monkman-Grant type equation. The linearity of e-e˙correlation is also observable in the cross-weld specimen as shown in Fig. 10 . In Fig. 11 , SSRVS-rupture life correlation for the weldment is shown together with all the data in Fig. 9 . It is observed that crossweld rupture life is predicted by Eq. (7) with reasonable accuracy.
Discussion
In the present work, the apparent impact by grain boundary damage, which should result in the acceleration of strain rate, has not been observed in cross-weld creep tests. Nowadays, the Continuum Damage Mechanics (CDM) based on the Kachanov-Rabotnov model, in which grain boundary damage is compatible with the reduction in available cross-section, has been broadly employed 19, 20) for the analyses of creep behaviors of welds. However, the omega method, which has no specific term taking the physical influence of grain boundary damage into account, has accurately predicted the cross-weld rupture life. In this methodology, the effect of grain boundary damage should be appearing as the raised value of W. However, significant difference in W between specimens failed by Type IV or Type III cracking and those failed in a transgranular manner at base metal or weld metal is not appreciated as shown in Tables 2 through 4 . The same question on the meaning of grain boundary damage is arisen by the presence of linear stage in e-e˙plotting for the welds broken with intergranular cracking. Thus, it can be considered that the occurrence of stress redistribution due to grain boundary damage has not taken place under the testing conditions in the present work. The same assumption was also derived by the creep damage observation using SEM. The feature of grain boundary damage at the ICZ in an interrupted specimen is shown in Fig. 12 . The presence of a dent and the similar shaped carbide located just below could be interpreted as the result of downward deformation of the grain associated with cracking which is inclined to the maximum principal stress. In Fig. 13 , grain boundary damage adjacent to the final crack path is shown. In spite that t/t r reaches unity, grain boundary damage is rather localized and the occurrence of multiple cracking at single grains is observed. These features also suggest that grains associated with grain boundary damage are not off-loaded but still exposed to significant stress. Thus, it is considered that the extent of grain boundary damage cannot be the direct indication of load retaining capability. And the applicability of the omega method and SSRVS to the welds with physical damage at grain boundaries should be explained by this hypothesis.
Preferential creep damage at the triple point shown in Fig. 12 and the occurrence of cracking at grain boundaries which are inclined and parallel to the tensile direction observed at the failure, which is shown in Fig. 13 , reveal that grain boundary sliding plays the major role in promoting Type IV failure. The contribution of grain boundary sliding to total creep strain increases with the decrease in stress.
21)
The experimental finding on 1.25Cr-0.5Mo steel welds in the present work and 0.5Cr-0.5Mo-0.25V steel welds by Walker et al. 13) that cavity density at failure, N r , decreased by raising stress suggests that the ratio of the strain generated by grain boundary sliding in total strain determines the type and morphology of the ultimate failure of welds. Therefore, it is considered to be even more unlikely that the evolution of grain boundary damage is accelerated due to increased stress imposed upon undamaged area by the preceded cavities.
Encouraging results on the availability of simple methods to quantify the life of welds without the specific consideration about the presence of grain boundary cavitation has been discussed so far, nevertheless they shall be validated by much longer tests, in which more grain boundary damage will be expected, and preferably using a constant stress technique.
Summary
The following conclusions were derived from the experimental works on cross-weld behavior of 1.25Cr-0.5Mo and 2.25Cr-1Mo steel.
(1) It was confirmed that type and feature of failure at the weldment depended upon testing conditions, materials and specimen geometry. Short-term creep tests, which generate the lower level of grain boundary damage, should derive pessimistic assessment if the experimental results were directly compared with welds operated for long hours.
(2) In addition to Type IV cracking, which is regarded as the terminal failure mode for ferritic and tempered martensitic steels, Type I cracking could be another threat to the integrity of 2.25Cr-1Mo steel welds.
(3) By measuring the cross-weld creep behavior, rather than localized strain, life prediction with the accuracy of a factor of 2 was achieved by the omega method independently of failure types, materials and specimen geometry.
(4) Good relationship between the Slope of Strain Rate Versus Strain (SSRVS) at the tertiary creep stage and time to rupture, t r , was observed. t r was uniquely correlated with SSRVS and the life prediction using the following equation satisfied the accuracy of a factor of 2. t r ϭ3.351ϫ(SSRVS) Ϫ1 .030 (5) It was suggested that grains around creep cavities were still subjected to the significant stress due to the appearance of linear relationship between e˙and e at the tertiary creep stage.
(6) The same assumption on the influence of the apparent grain boundary damage was also derived from the observation using SEM. Deformation of the grain associated with grain boundary damage, multi-directional and multiple cracking at single grains should be supporting this hypothesis. Fig. 12 . Grain boundary damage of an interrupted 1.25Cr-0.5Mo steel cross-weld specimen observed by SEM (tested at 670°C and 40 MPa, t/t r Ϸ 0.8). Fig. 13 . Grain boundary damage of a failed 1.25Cr-0.5Mo steel cross-weld specimen observed by SEM (tested at 650°C and 40 MPa for 1 080 h).
